Objective: Growth differentiation factor 15 (GDF15) is a cardiovascular biomarker belonging to the transforming growth factor-β superfamily. Increased GDF15 concentrations are associated with insulin resistance, diabetes and obesity. We investigated the physiological effects of meal composition and obesity on the regulation of systemic GDF15 levels. Design: Lean (n = 8) and obese (n = 8) individuals received a carbohydrate-or fat-rich meal, a 75 g oral glucose load (OGTT) or short-term fasting. OGTTs were performed in severely obese patients (n = 6) pre-and post-bariatric surgery. Methods: Circulating serum GDF15 concentrations were studied in lean and obese individuals in response to different meals, OGTT or short-term fasting, and in severely obese patients pre-and post-bariatric surgery. Regulation of GDF15 mRNA levels and protein release were evaluated in the human hepatic cell line HepG2. Results: GDF15 concentrations steadily decrease during short-term fasting in lean and obese individuals. Carbohydrate-and fat-rich meals do not influence GDF15, whereas an OGTT leads to a late increase in GDF15 levels. The positive effect of OGTT on GDF15 levels is also preserved in severely obese patients, pre-and post-bariatric surgery. We further studied the regulation of GDF15 mRNA levels and protein release in HepG2, finding that glucose and insulin independently stimulate both GDF15 transcription and secretion. Conclusion: In summary, high glucose and insulin peaks upregulate GDF15 transcription and release. The nutrientinduced increase in GDF15 levels depends on rapid glucose and insulin excursions following fast-digesting carbohydrates, but not on the amount of calories taken in.
Introduction
Growth differentiation factor 15 (GDF15) is a stressand inflammation-induced cytokine that belongs to the transforming growth factor-β family (1) . GDF15 is expressed in macrophages, liver, kidney, pancreas and in nearly all organs at low levels, and is upregulated following inflammation, tissue injury, remodelling and malignancy (2, 3) .
In humans, increased circulating GDF15 concentrations are associated with ageing, C-reactive protein (CRP) levels, tissue injury, insulin resistance, obesity and diabetes (4, 5, 6, 7) . GDF15 levels are also independent predictors of future insulin resistance and diabetes (8) . Furthermore, GDF15 was recently characterized as a central appetite regulator in mice, as Gdf15 −/− mice display obesity and increased food intake, which were rescued by administration of exogenous GDF15 (9, 10) . The associations of GDF15 with appetite, insulin resistance and inflammation have led to suggestions that GDF15 may be a potential therapeutic target in obesity and diabetes (11) .
In the clinical setting, GDF15 has gained attention as an emerging cardiovascular risk factor in all cohorts studied. Circulating GDF15 concentrations are associated with the incidence of cardiovascular events (12) , mortality after cardiovascular events (13) and all-cause mortality (4) . Being a marker of oxidative stress, endothelial dysfunction, atherosclerosis and inflammation, GDF15 provides independent prognostic information that extends beyond that of the classical cardiovascular risk factors (1, 14, 15) .
The use of GDF15 as a biomarker in clinical practice is limited by the scarce knowledge on mechanisms directly governing its regulation in humans. Stress, inflammation, glucose and insulin were found to stimulate GDF15 in translational studies (1, 16, 17) . Despite the well-established relationships between GDF15, insulin resistance and obesity, little is known about GDF15 regulation in response to nutrient intake in humans. We show here the profile of changes in serum GDF15 concentrations following an oral glucose load, two different meals (carbohydrate-vs fat-rich) and during short-term fasting, and its relationship with glucose and insulin levels in lean and obese subjects. In addition, we test the acute GDF15 response to an oral glucose load in severely obese patients pre-and postbariatric surgery. Furthermore, we study the independent and combined effects of glucose and insulin on GDF15 transcription and release in the human hepatic HepG2 cell line.
Subjects and methods

Meal study: participants and study design
This study included 8 lean (body mass index (BMI) ≤25 kg/ m 2 ) and 8 obese (>30 kg/m 2 ) subjects, and all participants gave written informed consent. BMI was calculated as weight (kg)/height (m) 2 . The study protocol was approved by the institutional review board of the Medical University of Vienna. During the screening visit, a thorough medical history was taken and a detailed physical examination was performed. Blood samples were taken from an antecubital vein for the determination of haematological status, glucose, glycated haemoglobin (HbA1c) and clinical chemistry parameters.
Participants attended four study sessions, each separated by >3 days at the clinical research centre of the Division of Endocrinology at the Medical University of Vienna. The order of study sessions was randomized and single-blinded. Before admission, the participants were requested to refrain from consumption of alcohol or stimulating beverages containing xanthine derivatives for 12 h, and to fast overnight. After admission between 7:50 and 9:30 h, an i.v. cannula was placed in an antecubital vein and baseline blood samples were collected. Participants then received either (i) an oral glucose tolerance test (OGTT) containing a 75 g oral glucose load, 300 kcal, (Glucodrink, Roche); (ii) a carbohydraterich breakfast (700 kcal, total carbohydrate content 121 g, total fat content 13 g, total protein content 22 g); (iii) a fat-rich breakfast (700 kcal, total carbohydrate content 53 g, total fat content 45 g, total protein content 22 g), or (iv) nothing (fasting day). Blood samples were drawn at time-points 30, 60, 90, 120, 150 and 180 min. During carbohydrate-and fat-rich breakfasts, at each time-point, participants rated their feelings of hunger and satiety on a 10 cm visual analogue scale.
Bariatric surgery study: participants and study design
Severely obese patients (BMI >40 kg/m 2 ) who were planning to undergo Roux-en-Y gastric bypass surgery were referred to our department for preoperative endocrine evaluation. Six non-diabetic severely obese patients were included in this study. Before operation (pre-surgery) and 6-12 months postoperatively (post-surgery), a 75 g OGTT was performed and anthropometric measurements as well as haematology and clinical chemistry tests were performed. Blood samples were drawn at time-points 0, 60, 120 and 180 min. All participants gave written informed consent. The study protocol was approved by the institutional review board of the Medical University of Vienna.
Assays
Glucose, HbA1c, lipid values, CRP and liver function tests were determined by standard certified protocols at the Institute of Medical and Chemical Laboratory Diagnostics. Samples for GDF15 and insulin determination were centrifuged at 4°C and 1500 g for 10 min, and serum was immediately frozen at −20°C until analysis. GDF15 serum levels were determined by quantitative sandwich ELISA (#DGD150, R&D Systems) with intra-and inter-assay CV of <2.8 and <6%, respectively. Insulin was determined using a commercially available RIA with inter-and intraassay CV of 2.5 and 3%, respectively (Linco Research). Supernatants were then completely removed and frozen at −20°C for later analysis and cells were lysed for mRNA isolation, as described previously (18) . Each time-point and experimental condition was performed in triplicate wells; triplicate control wells were performed separately for each time-point. GDF15 mRNA levels and supernatant GDF15 concentrations shown at different time-points correspond to the same experiment. Briefly, total RNA was isolated using Trizol (Invitrogen). RNA concentration and integrity were determined by UV spectrophotometry (Nanodrop 2000, Thermo Scientific). 1000 ng were treated with DNAse and reverse transcribed using random primers and Superscript II (all Invitrogen) in a total of 20 μL according to manufacturer's instructions. RT-qPCR was performed using 1 μL cDNA transcript with 0.5 μL 6-carboxyfluorescein (FAM)-labelled human GDF15 TaqMan probe (Applied Biosystems) and 0.5 μL of VIClabelled glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe in a duplex RT-qPCR reaction on an ABI Prism 7000 Cycler (Applied Biosystems). Relative expression was quantified using the ΔΔCt method. GDF15 concentration in cell culture supernatants was determined using a quantitative sandwich ELISA kit (R&D Systems) as described (6) . No significant differences were detected in relative GAPDH expression among all treatments at all different time-points, thereby excluding a significant confounding effect of glucose or insulin on cell proliferation.
Statistics
Data were tested for normality using Shapiro-Wilk tests. Normally distributed data are shown as mean ± standard error of the mean (s.e.m.); non-normally distributed data are shown as median ± interquartile range (IQR) . Differences between means were tested by two-sided independent samples Student's t-tests or independent samples MannWhitney U tests for nonparametric data. Paired samples were analysed by paired-samples t-tests or related-samples Wilcoxon signed-rank tests. The associations among variables were analysed using Spearman's rank correlation coefficients. The differences between the different study days, different time-points and between lean vs obese patients were assessed by repeated-measures analysis of variances (RM-ANOVA), with the term of interest being time, patient type or time*treatment as stated. Differences between means in cell culture experiments were analysed using two-way ANOVA followed by post-hoc testing by Dunnett's multiple comparisons test. P values <0.05 were considered statistically significant. Data were analysed using SPSS Statistics (IBM).
Results
Effect of glucose load and different meals on GDF15 concentrations
Baseline clinical, metabolic and biochemical characteristics of the meal study participants are given in Table 1 . Both lean and obese groups were comparable in age, height and gender distribution. While fasting glucose and HbA1c were within normal limits in the obese cohort, notably there were significant differences in fasting insulin, HOMA and CRP between lean and obese individuals.
The levels of serum GDF15, insulin and glucose during short-term fasting (Placebo), OGTT, carbohydraterich (Carb) and fat-rich (Fat) meals are depicted in Figs 1 and 2. During short-term fasting GDF15 concentrations showed a steady decrease in lean and obese subjects (P < 0.001 and P = 0.012, respectively, effect of time in RM-ANOVA, Fig. 1 and Supplementary Table 1 , see section on supplementary data given at the end of this article). There was a trend towards a larger decrease in GDF15 levels during short-term fasting in lean compared with obese subjects, but this difference did not reach
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www.eje-online.org significance (P = 0.074, effect of time*treatment (lean vs obese) in RM-ANOVA). Conversely, during OGTT this steady decrease was inhibited and GDF15 increased back to baseline levels after the glucose load in both lean and obese individuals (P = 0.001 and P = 0.021, respectively, effect of time*treatment (placebo vs OGTT) in RM-ANOVA). The rise of GDF15 to baseline values was delayed compared with corresponding peaks of glucose and insulin and only became evident after 120 min (P < 0.001 between time-point 120 min and time-point 180 min in Bonferroni-corrected pairwise comparisons). GDF15 levels during fat-and carbohydrate-rich meals were not significantly different from placebo in both lean and obese groups. OGTT, carbohydrate-rich meals and fat-rich meals led to significantly increased glucose and insulin levels when compared with placebo in all groups (Supplementary Tables 2 and 3 ). The profile of changes in circulating glucose following a carbohydrate-rich meal was significantly different than following an OGTT, with higher glucose peaks reached during the OGTT (P = 0.009, effect of time*treatment (OGTT vs carb meal) in RM-ANOVA for all patients). Glucose and insulin concentrations achieved during the OGTT were significantly higher in obese vs lean patients (P = 0.005 for glucose differences in lean vs obese patients and P = 0.002 for insulin differences in lean vs obese patients).
We further tested the relationship of GDF15 levels with subjective ratings of appetite and found that the AUC of GDF15 during short-term fasting positively correlates with hunger in lean subjects (Supplementary Table 4 ). No other correlations were found between hunger/satiety scores and GDF15, insulin or glucose. 
Glucose-induced changes in GDF15 concentrations before and after bariatric surgery
Effects of an oral glucose load on six severely obese patients were studied before and after bariatric surgery (Roux-en-Y gastric bypass). Pre-and post-surgery clinical, metabolic and biochemical characteristics of patients are given in Table 2 . The average weight loss after surgery was 35.2 kg. Significant decreases were seen in weight, BMI, waist circumference, fasting glucose, total cholesterol, LDL cholesterol and in CRP after surgery. The profiles of changes in serum GDF15, glucose and insulin after an oral glucose load performed before and after gastric bypass surgery are shown in Fig. 3 . The significant increase in serum GDF15 over time following an oral glucose load was also sustained after bariatric surgery (P = 0.002 for OGTTs before surgery and P = 0.044 for OGTTs after surgery, effect of time in RM-ANOVA). Surgery did not significantly impact the profile of changes in GDF15 following OGTT (P = 0.138, effect of time*treatment in RM-ANOVA). The OGTT-induced changes in glucose concentrations were also similar pre-and post-surgery (P = 0.083, effect of time*treatment in RM-ANOVA). There was a significant difference in the profile of changes in insulin concentrations during OGTTs pre-and post-surgery (P < 0.001, effect of time*treatment in RM-ANOVA) with lower baseline concentrations but higher glucose-induced peaks reached after gastric bypass surgery.
GDF15 transcription and release are stimulated independently by glucose and insulin
At the mRNA level, both glucose and insulin significantly stimulate GDF15 after 4 h (Fig. 4A) . The combination of glucose and insulin significantly increases GDF15 mRNA levels after 4 and 8 h; conversely, after 24 h a strong counterregulation leads to the decrease of GDF15 transcription by both agents (Fig. 4A) . GDF15 protein release is also increased by glucose and insulin by approximately 50% at 4, 8, 24 and 48 h (Fig. 4B) ; interestingly, this effect is predominantly driven by insulin in the earlier phase, with a peak at around 8 h, and by glucose in the later phase (up to 48 h). No interactions between glucose and insulin on GDF15 transcription and release were detected by two-way ANOVA (data not shown).
Discussion
We show here that GDF15 levels steadily decrease during short-term fasting in lean and healthy obese individuals, while an oral glucose load inhibits this initial decrease causing a late rise in GDF15 back to baseline levels. The stimulatory effect of glucose load on GDF15 concentrations is also preserved in severely obese patients before and after bariatric surgery. In vitro, glucose and insulin strongly biphasically stimulate both GDF15 transcription and protein secretion in the human hepatic cell line HepG2.
GDF15 was recently demonstrated to be regulated in a diurnal fashion, with a peak around midnight and nadir around noon in most subjects; no significant effect of different meals on GDF15 was observed (19) . Our data confirm the decrease of GDF15 during short-term fasting, and no significant difference between short-term fasting and a carbohydrate-or fat-rich breakfast. We performed all testing during the morning hours; taken together, these results corroborate that the decline in GDF15 concentrations in the morning hours is likely to be, at least in part, influenced by meal-independent diurnal variations.
GDF15 is increased in obesity and type 2 diabetes mellitus (6, 8, 20) and predicts future insulin resistance and diabetes (8) . Here, we show that GDF15 significantly increases following an oral glucose load in lean and healthy obese subjects, as well as in severely obese patients before and after bariatric surgery. OGTT, despite containing fewer calories, led to significantly higher circulating glucose peak concentrations when compared with both meals in our cohort, suggesting that the difference in GDF15 response to an oral glucose load vs a carbohydrate-rich meal may be due to the amplitude of glucose excursions. Thus, fast-digesting carbohydrates would be expected to lead to higher GDF15 levels than other nutrients.
The GDF15 response to OGTT did not significantly differ between lean and obese subjects, while obese participants had significantly higher glucose and insulin excursions, thus suggesting that the glucose-dependent GDF15 response may be relatively blunted in obese individuals. In vitro, GDF15 expression is stimulated by high glucose in human endothelial cells, preventing apoptosis (16) . In vivo, circulating GDF15 concentrations increase during euglycaemic hyperinsulinaemic clamps (17) . We show here that GDF15 transcription and release in HepG2 cells are significantly stimulated by glucose and insulin. The different time-dependent peaks of secreted GDF15 levels by glucose and insulin suggest that both glucose and insulin stimulate GDF15 transcription and release by different mechanisms; however, they may share a common pathway or endpoint as no interaction effects were detected. Furthermore, the regulation of GDF15 transcription and release are divergent, where transcription is downregulated after 24 h while release is still highly stimulated, suggesting that the regulation of systemic GDF15 levels are substantially influenced by posttranscriptional factors that may include mRNA stability or intracellular storage of mature GDF15.
GDF15 is expressed in placenta, macrophages, liver, pancreas, kidney and endothelial cells (2) . In mice and in liver cell lines, hepatic GDF15 transcription is stimulated within 1-3 h of induction of liver injury (21) . As the liver is also a key regulatory organ in insulin sensitivity and glucose disposal, we explored GDF15 regulation in response to changes in glucose and insulin in the HepG2 liver cell line. The glucose-dependent GDF15 release reported here takes place after around 120 min, and is therefore in contrast to the rapid first-phase insulin peak or the secretion patterns of classical appetite regulators such as ghrelin and PYY, with maximum changes reached at around 30-60 min after glucose load (22, 23) ; an immediate induction of GDF15 release in humans has not been reported. We can therefore not exclude that the glucose-triggered GDF15 release is mediated via another glucose-dependent messenger; more research is necessary to characterize the cellular mechanisms of GDF15 release, and to identify the main source of human serum GDF15. The short-term stimulatory effects of glucose and insulin on GDF15 release might also contribute to the pathophysiology of the long-term increase in GDF15 concentrations in patients with insulin resistance and type 2 diabetes (6, 20) .
During short-term fasting, the AUC of GDF15 correlates with hunger in lean, but not in obese subjects. To our knowledge, this is the first study to relate GDF15 levels to the subjective feelings of appetite. GDF15 was recently suggested to be a central appetite regulator in mice (9, 10) . Furthermore, in GDF15 transgenic mice, glucose tolerance is improved, potentially due to improved insulin sensitivity (24) . In humans, the mechanisms by which GDF15 influences appetite and body weight seem to be more complex: GDF15 levels are increased not only in obese patients, but also in patients with anorexia nervosa, in patients with cancer cachexia and following diet-or bariatric surgery-induced weight loss (6, 11, 17) . In contrast to recent murine data, there does not seem to be a strong relationship between GDF15 levels and appetite during meals (19) ; however, the increase in GDF15 after all types of weight loss suggests a relationship with energy homeostasis in the long term. On the other side, the positive relationship between GDF15 and insulin resistance, diabetes and obesity might be the pathophysiologic consequence of the long-term increases in glucose and insulin levels. Thus, the paradox of increased GDF15 levels not only in obesity, but also after weight loss, might be explained by the fact that nutrient availability (high glucose concentrations) and weight loss (inducing compensatory changes in appetite-regulatory mechanisms) modify GDF15 secretion either using different mechanisms (hormonal, neural) or by acting in different organs.
In summary, here we show that glucose and insulin are novel regulators of GDF15 transcription and release into the circulation. In vivo, a glucose load leads to increased GDF15 concentrations not only in lean, but also in obese subjects. These short-term effects of glucose and insulin might also contribute to the long-term increases in GDF15 levels observed in patients with insulin resistance and diabetes.
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